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SUMMARY 

The results of a laboratory study of plasma radiometric tech- 
niques applicable to reentry plasma measurements are presented. 

The laboratory plasma is generated by a glow discharge in helium 
using a large V-groove cathode. The operating characteristics of 
the discharge are quite similar to those of the brush cathode 
discharge. The electron density and temperature are determined 
as a function of position, discharge current, and gas pressure 
using Langmuir probes and microwave ref lectometers , and the colli- 
sion frequency is calculated using these measured values. The 
plasma noise radiation is measured as a function of discharge 
current using a microwave radiometer operating in the absolute 
mode and it is shown that numerical values of electron density, 
collision frequency and electron temperature can be derived from 
curves of plasma noise as a function of discharge current. For 
the negative glow discharge used in this study the collision 
frequency and the temperature are relatively low and are diffi- 
cult to determine independently and accurately. For the re-entry 
plasma associated with large, high-speed vehicles, on the other 
hand, they are relatively high and can both be obtained with 
reasonable accuracy. In this case however, it is necessary to 
measure plasma noise as a function of frequency, which requires 
a swept-f requency radiometer or several fixed frequency devices. 


I . INTRODUCTION 

There is a need for diagnostic techniques and devices for 
measuring the characteristic parameters of re-entry plasmas. 

Three of the important parameters of these plasmas are the elec- 
tron density, the electron temperature, and the total electron 
collision frequency. These parameters are determined by the aero- 
dynamic characteristics, the speed, and the altitude of the re- 
entry vehicle. For a wide class of vehicles and missions, the re- 
entry plasmas cause degradation in the communication signal from 
and to the vehicle to the extent that complete blackout of the 
signal exists for a time duration which, in general, increases 
with the size and speed of the vehicle. 

A substantial amount of predicted data exists for the plasma 
parameters and resulting electromagnetic attenuation of a wide 
variety of vehicles and missions. However, reliable measurements 
of the plasma parameters are scarce, and comparisons between these 
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data and the predicted values have only been accomplished with 
good agreement in a limited number of cases. Among the most 
notable programs where a serious attempt has been made to measure 
and understand re-entry plasmas are the RAM vehicle program and 
the Trailblazer program. In these programs, many types of plasma 
diagnostic devices were used, one of which was a microwave radi- 
ometer to measure plasma noise. The experiment was not success- 
ful on the RAM vehicles, but the Trailblazer temperatures were 
measured successfully. (ref. 1). Microwave radiometers have 
been used extensively in the laboratory for measuring electron 
temperatures. For more details the reader is referred to Bekefi 
(ref. 2) and to the references given in his book. The technique 
most often used is to insert the plasma in a waveguide and com- 
pare the noise power of the plasma with that from the combination 
of a standard noise tube and a variable attenuator. With a vari- 
ation of this technique, Ingraham (ref. 3) showed that the plasma 
temperature can be obtained independently of the plasma reflection 
coefficient and the magnitude of the plasma attenuation. Clearly, 
this technique cannot be fully implemented in a re-entry experi- 
ment. Caldecott (ref. 1) compensated fo r_ the effect of plasma 
reflecti ons by measuring the power reflection coe ffic ient using 
an incoherent source, but he assum ed a la rge plasm a attenuation . 

In this report, no attempt will be made to eliminate the effects 
of either the reflection coefficient or the absorption length, 
but these phenomena will be utilized for diagnostic purposes. It 
will be shown that, in this case, it is possible to obtain not 
only the electron temperature but the electron density and the 
collision frequency. 

II. THE COLD CATHODE DISCHARGE 

The plasma is generated by a cold-cathode, abnormal glow 
discharge in helium. The discharge configuration is shown in 
Figure 1. For the radiometer measurements, it is advantageous to 
make the anode-to-cathode distance, d, small compared to the tube 
diameter in order to minimize the effects of radial electron 
density profiles. Hence, d is chosen to be half the tube diameter 
which is 12 inches. The cathode is a 12-inch diameter aluminum 
plate with milled V-grooves of 60 deg angle and 1/8 inch-spacing. 
With these grooves, the cathode current caused by secondary emis- 
sion processes (e.g., ion-bombardment and photoelectric emission) 
remains uniform over the cathode surface in the abnormal glow 
region; that is, the tendency for a localized discharge or arc to 
form is reduced. Such formations generally appear in large, flat 
cathodes. Also, the grooves increase the effective cathode area 
and increase the electron yield by ion-bombardment caused by 
oblique incidence of ions on the cathode (ref. 4). 

The chamber is pumped down to low pressure and backfilled 
with helium. To improve the gas purity, helium is allowed to flow 
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V-GROOVE CATHODE 
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Figure 1. - Sketch of the V-groove cathode discharge 

configuration 

continuously through the chamber at a slow rate, and the pressure 
is adjusted by means of a leak valve in series with the helium 
supply. A dc voltage applied between the anode and cathode pro- 
duces a negative glow discharge, the behavior of which is quali- 
tatively similar to that of a brush cathode discharge (ref. 5); 
that is, the plasma is beam-generated and the electron density is 
sufficiently high (i.e., on the order of 10 ^ e/cirr) and the 
electron temperature is sufficiently low (i.e., approximately 
1200°K) so that electron-ion recombination* is the dominant 
electron-loss mechanism. 

The voltage-current characteristic in the abnormal glow 
region is shown in Figure 2 for various pressures. At low cur- 
rents, there is a negative resistance phenomenon which is not 
displayed in these curves. These characteristics, as well as the 
plasma parameters, are dependent upon the purity of the helium 
and the condition of the cathode surface which, in turn, depend 
upon the discharge current and the helium flow rate. No attempt 
was made to obtain an ultraclean cathode since its size made this 
nearly impossible, and the purity of the discharge was not crucial 
to the objects of the experiment. However, the reproducibility of 
the results is important and was obtained by operating the dis- 
charge with the same helium flow rate at each pressure and only 
recording data at each current after the discharge had stabilized. 
This procedure yielded excellent data. 


*This is most likely collisional-radiative recombination (ref. 6) 
with perhaps some disassociative recombination at the higher 
pressures of operation. 
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Figure 2. - Voltage-current characteristics of the V-groove 

cathode discharge 

Figure 2 shows that the operating voltage for a given current 
is substantially lower than that of the brush cathode discharge 
developed by Persson (ref. 5). This is due to the higher second- 
ary emission coefficients of aluminum compared to the coefficients 
for the materials used by Persson. Thus, not only is the V-groove 
cathode easier to fabricate,* but it also results in far less 
cathode dissipation for the same discharge current. Furthermore, 
the lower beam voltage results in a larger source function for 
electron-ion generation near the cathode, because the ionization 
mean free path is smaller at these lower beam voltages. Typically, 
the voltage results in beam energies yielding electron-ion source 
functions near the maximum value in helium. Also, the lower oper- 
ating voltage tends to lessen the arcing which sometimes occurs 


*This is of particular importance for this experiment since the 
cathode is so large. 
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near the glass container at the cathode. The disadvantage of the 
lower operating voltage is that the primary beam-reaching distance 
is smaller than that of the conventional brush cathode discharge. 
Since electron-ion recombination is the dominant electron loss 
mechanism, this results in a substantial decay in the secondary 
electron number density in the axial direction away from the 
cathode. This effect occurs for all discharge currents up to 
900 mA at pressures above 0.8 torr and at sufficiently low 
voltages and currents for pressures below this value. 

The visual appearance of the discharge at applied voltages 
comparable to the normal cathode fall voltage is a weak blue- 
green glow in the chamber. As the voltage is increased, the glow 
quickly changes to a deep pink color in the center of the dis- 
charge region and is surrounded by a blue-green boundary near the 
electrodes and the glass wall. The thickness of this boundary 
decreases with increasing pressure. The pink color is indicative 
of recombination in helium, and the blue-green boundary defines 
the region where the primary electron loss mechanism changes from 
volume recombination to ambipolar diffusion to the walls. For 
small operating voltages at the lower pressures (i.e., 0.4 to 
0.8 torr), and for all operating voltages at higher pressures, the 
glow is most intense near the cathode. At high operating voltages 
and currents, and at pressures less than 0.8 torr, the discharge 
is visually symmetrical relative to the center of the chamber. 

III. MEASUREMENTS OF THE PLASMA PARAMETERS 

A movable Langmuir probe was used to obtain electron density 
and temperature as a function of position, discharge current, and 
gas pressure. For the range of parameters over which the discharge 
was operated, the electron temperature is constant. A typical set 
of Langmuir probe current-voltage curves at a fixed pressure 
(0.6 torr) and a fixed position (near the center of the discharge 
chamber) for discharge currents ranging from 0.1 to 0 . 9A is shown 
in Figure 3. (Since the saturation electron current can be 
determined quite accurately from these data and the electron 
temperature is constant, the reduction of these curves to semilog 
curves was not done in the bulk of the data reduction.) Figures 
4 through 7 show electron density profiles in the axial direction 
for various pressures and discharge currents. The independent 
variable is normalized to 3 inches and the electron density is 
normalized to its peak value. The solid curves in these figures 
are theoretical profiles based on a diffusion-recombination model. 
Figures 8 through 14 show peak electron densities as a function of 
discharge currents for various pressures. The radial electron 
density profile was also obtained but is not considered pertinent 
to the results of this investigation. 

Although previous investigations (ref. 5) have shown Langmuir 
probe data to be of questionable accuracy in a beam-generated 
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plasma, no difficulty was encountered with the V-groove cathode 
except when the probe was placed quite near the cathode (i.e., 
within the blue-green boundary near this electrode) . It is 
likely that the improvement is due to the lower operating vol- 
tage of the discharge, which gives a less energetic beam. 

An X-band microwave ref lec tome ter was connected to an open- 
ended waveguide port positioned in the center of the anode. The 
reflection coefficient of the open-ended guide plus plasma layer 
was monitored as a function of discharge current for fixed fre- 
quency and as a function of frequency for fixed discharge current. 
In either case, the transition from low to high reflection is well 
defined and determines quite accurately (ref. 7) the condition 
co = Wp where cop is the plasma frequency and co is the wave fre- 
quency of the ref lectometer . Except for operating conditions in 
which there is a sizable beam decay, the plasma frequency corres- 
ponds to the peak electron density. The electron densities 
obtained by this method are compared with the peak densities 
measured by the probe in Figures 8 through 14. The agreement is 
consistent with the accuracies of the two measurement techniques. 

There is no accurate method for measuring the collision fre- 
quency of a large, dense plasma. However, from knowledge of the 
electron temperature, the gas type and pressure, and the ion 
density, it is possible to calculate the collision frequency. At 
the relatively low electron temperature and high electron densi- 
ties generated by the V-groove cathode discharge, electron-ion 



Figure 3 . - Langmuir probe current-voltage curves for 

p = 0.6 torr and for discharge currents 
ranging from 0.1 to 0.9 A 
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- Normalized electron density profiles as a fun 
of normalized axial distance (cathode designa 
by -1 and anode by +1) for d = 0.5 torr 
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Figure 7. - Normalized electron density profiles as a function 

of normalized axial distance (cathode designated 
by -1 and anode by +1) for p = 0.8 torr 
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Figure 8.- Peak electron density as 
a function of discharge current for 
p = 0 . 4 torr 


Figure 9.- Peak electron density as 
a function of discharge current for 
p = 0.5 torr 
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Figure 10.- Peak electron density as 
a function of discharge current for 
p = 0 . 6 torr 


Figure 11.- Peak electron density as 
a function of discharge current for 
p = 0.7 torr 
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Figure 12.- Peak electron density as 
a function of discharge current for 
p = 0 . 8 torr 
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Figure 13.- Peak electron density as 
a function of discharge current for 
p = 0 . 9 torr 
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Figure 14.- Peak electron density as a function of discharge 
current for p = 1.0 torr 


collisions are expected to be important (ref. 8). Hence, the 
total collision frequency is the combination of electron-neutral 
and electron-ion collision frequencies. 
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The electron-neutral collision frequency is determined from 
published data on the collision cross-section for momentum trans- 
fer in helium (ref. 9) using 
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( 2 ) 


where p is the pressure in torr, Pq is the collision probability 
in inverse cm at 1.0 torr, k is Boltzmann's constant, T e is the 
electron temperature, and m is the electron mass. For the 
measured parameters of the discharge, the ratio v en / w for a wave 
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frequency of 8.1 GHz ranges from about 0.003 to 0.007 for pres- 
sures between 0.4 and 1.0 torr. The following expression is used 
to calculate the electron-ion collision frequency (ref. 9); 
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where Wp is the plasma frequency and n D is the number of electrons 
in a Debye sphere. For electron densities corresponding to X-band 
cut-off frequencies and the temperatures of this experiment, this 
expression gives values larger than the electron neutral collision 
frequency by a factor of about 2 to 3 , depending on the pressure. 
Of course, it is questionable whether Eq. (3) is accurate to this 
factor. In any event, it is expected that v e ^ is at least com- 
parable to v gn . Plots of v>ji/ to as a function of Wp/co for various 
pressures are shown in Figure 15. p 



Figure 15. - The ratio of total collision frequency to wave 
frequency (8.1 GHz) as a function of normalized 
plasma frequency for various pressures 
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IV. THEORY OF PLASMA RADIATION 


It is difficult to devise a theoretical model of radiation in 
the plasma just described which is tractable and is also a good 
approximation to the experimental situation. Some of the aspects 
of the experiment which are difficult to handle theoretically are: 

(1) the finite size of the anode and cathode; (2) the near field 
coupling of the antenna? (3) the spatial variation of the elec- 
tron density and collision frequency;* and (4) the effects of 
antenna efficiency. In view of these difficulties, it was decided 
to study four theoretical models for comparison with the experi- > 

mental data. 


Model I 


A high gain antenna, a uniform plasma slab bounded by free 
space, a constant collision frequency (spatially constant and 
independent of electron density) , and incoherent reflections from 
both boundaries were assumed in Model I. The noise power emitted 
in such a case is well known and can be expressed as an equivalent 
temperature , 
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where Tq is the ambient temperature, T^ is the electron tempera- 
ture , and 
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*The spatial variation of collision frequency is due to electron- 
ion collisions. 
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From the electron density profiles and radiometer frequency, D is 
expected to lie between 15 and 25. Figure 16 shows plots of the 
normalized equivalent temperature as a function of tOp/io for D = 25 
and for various values of v/u). ~ 



Figure 16. - Normalized equivalent plasma temperature based on 
Model I as a function of aj p /co for D = 25 and 
Te/To =4.0 P 


b 

Model II 

<■ With collision frequencies comparable to the sum of v en + v e ^ 

near Up = to, Model II gives temperatures higher than the measured 
values for the reason that plasma reflections at both boundaries 
are assumed to contribute to the noise power received by the 
antenna. However, for a finite gain antenna, such as an open- 
ended waveguide, the boundary furthest from the antenna has little 
effect if d is many wavelengths. This is evident in the reflec- 
tometer results at zero plasma density where reflections from the 
aluminum cathode are negligible. Thus Model II is similar to 
Model I except that reflections from the boundary furthest from 
the antenna are neglected. Results using this model are shown in 
Figures 17 and 18 
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Model III 


In Model III, the variation of v e j_ with oop/w is included. 
Figure 19 shows the result of using Model II wxth the inclusion 
of both v e „ and v • for P = 0.4 torr. Figure 20 shows a similar 
result with the electron-ion collision frequency reduced by a 
factor of 2. This arbitrary factor is consistent with the limits 
of validity of the expression yielding the electron-ion collision 
frequency. The term v e j_ is reduced by a factor of 2 for compari- 
son with the experimental data, because these data will be shown 
to agree with the theory only if the collision frequency is lower 
than that given by Eq. (1). Also, the electron density profile 
which leads to a collision frequency profile should result in a 
lower effective collision frequency than that calculated on the 
basis of peak densities. This is especially true for the radi- 
ometer data where the major absorption, and hence reradiation, 
takes place near the antenna where the density is lower than the 
peak density. Comparing the results using this and the previous 
model indicates that the inclusion of electron-ion collisions 
changes the shape of the noise power curve, but obviously the 
peak power is described by the total collision frequency near 

Wp = 03 . 


Model IV 


In Model IV, the absorption coefficient of the plasma which, 
with the electron temperature, defines the plasma noise power, is 
calculated using a plane wave model (i.e., corresponding to a 
high-gain antenna) ; this includes the effects of electron density 
variations in the direction of propagation. For this case, the 
smoothed Langmuir probe data of Figures 4 through 14 are used, and 
profiles for currents between multiples of 0.1 A are obtained by 
interpolation. The number of computations are quite extensive, 
therefore, only one case is presented (p = o.4 torr) in Figure 

21. As expected, the peak noise power is higher than that of the 
uniform plasma slab theory. 

In all four cases a ratio of electron temperature to ambient 
temperature of four is used (T e * 1200°K, T Q * 300°K) . These 
results will be compared to the experimental data in Section V. 
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Figure 19. - Normalized equivalent plasma temperature, including 
electron-ion collisions, as a function of w /to for 
p = 0.4 torr ^ 



Figure 20. - Normalized equivalent plasma temperature as a 

function of Wp/oo with the electron-ion collision 
frequency reduced by a factor of 2 
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Figure 21. - Comparison of the experimental plasma noise data for 
p = 0.4 torr with the inhomogenous electron density, 
plane wave theory (Model IV) 

V. PLASMA — RADIOMETRIC INSTRUMENT CALIBRATION AND ANALYSIS 


To obtain a precise measurement of the absolute temperature 
of a plasma at microwave frequencies, an antenna, the gain and 
efficiency of which is accurately known, and a radiometer capable 
of measuring signal power at the antenna output in units of equiva- 
lent absolute temperature are required. In addition, the RF trans- 
mission line between the plasma and the input signal port of a 
radiometer frequently compromise the capability of a radiometer to 
measure accurately a temperature because of the introduction of an 
added-circuit component which operates at different thermometric 
temperatures from the RF components of the radiometer system. 
However, a marked reduction in the effects of transmission line 
loss can be accomplished by operating the radiometric receiver in 
an "absolute temperature mode" (ref. 10) as explained in the 
appendix . 

Prior to the measurement of the plasma temperature, a series 
of measurements of the antenna, associated transmission line, and 
RF components were conducted to determine the gain and efficiency 
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of the antenna as well as the insertion loss of the added trans- 
mission line and components between the radiometer and the plasma 
chamber. The efficiency of the antenna with no plasma reflections 
was measured by use of a calibrated absolute radiometer and a 
heated chamber lined with dark, absorbing material. The efficien- 
cy of the antenna was measured to be 80 percent. The insertion 
loss of the transmission line and the associated RF components was 
measured, and the value was determined to be less than .01 dB. 
Calibration of the radiometer for the absolute mode was accom- 
plished by use of a known calibrated noise source which had a 
thermometric temperature of -77°K. 

The accuracy obtained in the measurement of a plasma temper- 
ature at an equivalent absolute temperature T is determined by 
the accuracy to which the transmission line attenuation, direction- 
al coupler value, and the thermometric temperature of the indi- 
vidual passive components can be measured. The significance of 
these factors in determining the accuracy of an absolute temper- 
ature measurement of a plasma by use of a radiometer is best 


illustrated by the following parameters: 

P arameter Value 

Instrument noise figure, F 7 . 5 dB 

Receiver gain stability 1/100 

Pre-detection bandwidth 10 MHz 

Post-detection time constant 1 sec 

Comparison load temperature 303°K 

Thermometric temperature of passive components, T L 303°K 

Directional coupler value 9.85 dB 

Transmission line loss .01 dB 

Radiometer sensitivity °K rms (6=2) 0 . 7°K 

Output indicator fluctuation level, °K 2.7 

Antenna gain 17 dB 

Antenna efficiency 80% 

Accuracy of a single measurement, °K ~ 1% 

Amplitude of the calibration signal, °K 15.6 
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VI. THE RADIOMETER DATA 


An X-band radiometer, operating in an absolute temperature 
mode at a center frequency of 8.1 GHz, was used to measure noise 
power (expressed as an equivalent temperature) as a function of 
discharge current. The operating characteristics are described 
in the appendix. The radiometer was connected to the same open- 
ended waveguide used in obtaining the ref lectometer results. 

The choice of an open-ended waveguide can be criticized, but it 
minimizes the plasma perturbation near the anode. If the need 
for a flush-mounted antenna in the immediate vicinity of the 
plasma is assumed*, the near field coupling is less than that for 
a higher gain antenna, such as a horn. 

The discharge current was varied at a slow rate compared to 
the integration time of the radiometer, and the noise power as a 
function of discharge current for various pressures was recorded 
on a x-y recorder. For comparison of these data with the first 
three theoretical models, the current axis must be converted to 
the quantity w p /w. The curves of peak density versus current 
obtained with the Langmuir probe are used for comparison purposes. 
The reduced data are shown in Figures 22 through 26. There is 
qualitative agreement between experiment and theory except for 
the rise in noise power for top/w>l. As Wp/u) increases from zero, 
the noise power increases duetto plasma attenuation, peaks for 
w p/w slightly less than 1, and decreases for top/w-^-1 due to plasma 
reflections. The subsequent rise is caused by the ground plane 
formed by the anode. In an infinite geometry, a perfectly con- 
ducting ground plane would eliminate the effects of plasma 
reflections, and no decrease in noise power would occur near 
top/to =1. In the experiment, as top/io increases above 1, the 
effective plasma reflection point moves closer to the ground plane 
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Figure 22.- Experimental plasma Figure 23.- Experimental plasma 
noise data for p=0.4 torr noise data for p=0.5 torr 


*Typically a requirement for a re-entry measurement. 
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Figure 24. - Experimental plasma noise data for p = 0.6 torr 
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Figure 25. - Experimental plasma noise data for p = 0.7 torr 
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Figure 26. - Experimental plasma noise data for p = 0.8 torr 

and the experiment approaches the infinite geometry, therefore, 
the noise power increases. This explanation was investigated by 
obtaining noise power data by use of an open-ended waveguide with 
no ground plane and with a radial direction of propagation. No 
increase in noise power for Wp/io>l was observed. 

Some preliminary conclusions can be derived from attempts to 
fit the experimental data to the theoretical results. The shape 
of the noise power curves cannot be precisely matched by use of 
any of the four theoretical models. However, Model III would 
appear to give the best fit if the collision constants are suit- 
ably reduced. Figure 20 compares the experimental data for 
p = 0.4 with the results of Model IV. There is a difference in 
the location of the peak which is associated with the probe in- 
accuracy. The discrepancy in the magnitude of the peaks will be 
discussed later. Point by point matching is not shown for any 
of the first three models, since the authors feel that the shape 
of the curves is unduly influenced by factors not included in 
the theory. In particular, the shape is influenced by coherence 
effects between the first plasma interface and the ground plane 
due to the low collision frequency, and by the changes in elec- 
tron density profile with current, which results in the effective 
plasma thickness and its location relative to the antenna being 
functions of discharge current. Therefore, it is not possible to 
obtain both electron temperature and collision frequency inde- 
pendently and accurately. Also, the measured peak power is 
lower than the peak power predicted by any of the four models 
when using the expected total collision frequency. Consequently, 
if the electron temperature is assumed to be known, the collision 
frequency, obtained from the peak noise power, is lower than 

25 


I 



expected. One obvious explanation is the effect of antenna 
efficiency which is less than 100 percent and is a function of 
the plasma parameters. In view of the experimental difficulties 
cited in Section III, an exact calculation of the efficiency is 
not possible, and no tractable model appears to warrant detailed 
investigation. Therefore, as a crude indication of the effects 
of antenna efficiency, a hypothetical antenna with a cos^ 0 power 
pattern is considered. Furthermore, the coupling to the plasma 
is assumed to be dictated by the reflection coefficient for 
angles less than the Brewster angle; otherwise zero coupling is 
assumed (ref. 11). Figure 27 shows the antenna efficiency as a 
function of tDp/co for this model. For the expected collision fre- 
quencies, the theory predicts that the peak noise power occurs 
for, 0.9 < < 1 , and a crude estimate of antenna efficiency 

gives rather low values in this range. 

In view of these conclusions, the electron temperature is 
assumed to be known, and the collision frequency is determined by 
matching the peak noise power obtained experimentally to the 
theoretical values when using Model II.* For low collision fre- 
quencies, the theoretical peak noise power is a single valued 
function of (v/to) D, and Figure 28 is a plot of these quantities 
for 100 and 50% antenna efficiencies. The peak, normalized 
equivalent temperature, obtained experimentally, lies in the 



ANTENNA EFFIENCY BASED ON BREWSTER 
ANGLE AND COS 2 6 RADIATION PATTERN MODEL 

ERC 68*5312 

Figure 27. - Antenna efficiency as a function of to /to 

Jr 


*As mentioned previously. Model III yields the best fit, but two 
collision constants must be adjusted and the better agreement is 
perhaps fortuitous. 
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MODEL II 



Figure 28. - The peak, equivalent, normalized plasma temperature 

as a function of (v/w) D for two antenna efficiencies 

vicinity of 1.35 to 1.4 which, if d is assumed to be 20, gives a 
ratio of collision frequency to wave frequency of between 0.003 
and 0.007. This is a factor of 2 to 4 lower than expected. It 
is interesting to note that these experimental values are charac- 
teristic of v en alone. However, the experimental values do not 
vary appreciably with pressure and this indicates the importance 
of v ei . 

VI. VII. DISCUSSION OF REDIOMETRIC 

TECHNIQUE FOR RE-ENTRY FLIGHT MEASUREMENTS 

Laboratory results have been presented showing how a curve 
of plasma noise power as a function of discharge current can be 
used to obtain the plasma parameters. The electron density is 
obtained from the location of the region of decreasing noise 
power subsequent to the peak power. The density is not precisely 
defined, but gives accuracy similar to a microwave ref lectometer . 

In all the data presented here, the region of sharply decreasing 
noise power coincided with the region of increasing reflection 
coefficient of the microwave ref lectometer operating at 8.1 GHz. 
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Because of the low electron temperature and low collision fre- 
quency of the laboratory plasma, it is not possible to obtain the 
electron temperature and collision frequency accurately and inde- 
pendently from the width and height of the noise power peak. 
However, when using the value of electron temperature obtained 
with the Langmuir probe, the measured collision frequency is 
found to be within at least a factor of 4 of the theoretical 
values; however, the collision theory is only good to a factor of 
2 or 3 . If the antenna efficiency is assumed to be 50 percent, 
the measured values are well within the theoretical accuracy. 

In view of the laboratory results presented in this report, 
the microwave radiometer appears to be a promising device for 
measuring the re-entry plasmas of large, high-speed vehicles. In 
this case, the plasma temperature is high (5000 to 10,000°K); the 
collision frequency at low altitudes is typically less, but com- 
parable to the plasma frequency; and the plasma is many free- 
space wavelengths thick for frequencies comparable to the plasma 
frequency. Figure 29 shows some theoretical curves (Model I) 
with plasma parameters characteristic of the plasmas of large, 
blunt, high-speed re-entry vehicles. 



Figure 29. - Plasma noise as a function of Wp/oa using Model I 
and parameters applicable to plasma of a large, 
blunt, high-speed vehicle 


Under these conditions, the noise power peak is comparable 
to blackbody noise at the plasma temperature; the width of the 
curve is appreciable; and the antenna efficiency is higher. 
Hence, the three plasma parameters n , T , and v T can be more 
accurately obtained. Of course, the re-entry measurement pre- 
sents problems not encountered in the laboratory, such as the 
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presence of (1) a coating of ablation material; (2) plasma tem- 
perature profiles; (3) plasma turbulence. Also, the data must 
be obtained in a time interval which is short compared to the 
time for appreciable changes in the plasma parameters by using 
a swept- frequency radiometer or instantaneously by using several 
fixed-frequency devices. 


Electronics Research Center 
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APPENDIX 


ABSOLUTE RADIOMETRIC MODE 

A simplified functional block diagram, showing the intercon- 
nection of RF components to achieve an absolute radiometric mode, 
is shown in Figure A-l. By appropriate adjustment of attenuator 
A, the output indicator zero corresponds to 0°K, and the indicator 
reads the effective noise power at the input signal port (1) of 
switch S directly in degrees Kelvin. The method of calibration 
and adjustment negates consideration of RF transmission line 
losses between the input signal port of switch S and the signal 
input port of the ferrite modulator M. 

The method of calibration takes note of the fact that any 
noise power signal, presented to the input signal port of switch 
S, will be attenuated by the losses associated with the passive 
circuitry in the signal transmission from the signal input port of 
switch S to the input signal port of the modulator. Noise radi- 
ated by this passive circuitry will also be presented at the out- 
put signal ports of the modulator. The attenuation of the input 
signal can be characterized by a loss, L, and the effective 
temperature of the added noise by a bias temperature, T b . If the 
effective temperature of the input signal noise power is Tg, the 
signal temperature at the input port of the modulator will be 
given by: 


’IN 


+ T, 


(A-l) 


Absolute temperature measurements usually involve techniques for 
determining the loss, L, through some form of a comparative at- 
tenuation measurement. The value of the radiated noise, Tj-,, is 
then deduced from its relationship to the measured value of L 
since : 


T 


b 



(A-2 ) 


where T L is the thermometric temperature of the transmission line 
components which contribute to the loss, L. If the various parts 
of the RF circuit are not of the same temperature T L , then a sum- 
mation of various terms of the form (A-2) is required. If, how- 
ever, all portions of the RF circuit preceding the modulator are 
maintained at a temperature T= slightly above ambient, then the 
summation is not required, and (A-2) takes the form: 
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The same argument follows for the transmission line from the dual 
reference oven control resistive loads at temperature to com- 
parison port (2) of the modulator. With switch S connected to 
port (2) , the input power to either port of the modulator is then: 


+ T. = T (A-4 ) 

L D “ 

Under this condition, the output indicator will be at a scale 
position of zero since the relative input power difference is zero 
at the modulator input ports . 

Calibration of the instrument is accomplished by a single ad- 
justment of attenuator A with a known source of noise power (cold 
load) at an effective temperature, T K , connected to the signal 
input port of switch S. Under this condition, the effective signal 
temperature at input port (1) of the modulator will from prior 
reasoning be: 


T 


IN 



+ T, 


(A-5) 


Re-expressing the comparison temperature T E in the form (A-4) , the 
power difference between the modulator input ports can be written 
as : 





T ) 


(A- 6) 


which provides a negative deflection at the output indicator pro- 
portional to the temperature difference between the environmental 
chamber, T^, and the absolute temperature of the known source of 
noise, T K . Though the proportionality factor is the reciprocal of 
the attenuation in the signal path transmission line, its measure- 
ment is not required. Calibration of the indicator scale in 
degrees Kelvin is obtained by noting that the measured negative 
deflection from the zero scale position is proportional to the 
temperature difference (T a - T^) . 

With the noise generator ignited, attenuator A is then ad- 
justed to provide an output indicator reading equivalent to the 
value of Tr, in the previously defined indicator scale units. The 
proportionality factor, (1/L) , is retained since the amount of 
noise injected into the signal path, referenced to modulator port 
(1) , must be equal to (T<x - T^) . Only under this condition will 
the temperature difference between the two modulator parts take 
the form: 


( 



+ 




(A-7 ) 


I 
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It is not necessary to know that the amount of injected noise 
required is (Tec - T]-,) , nor is it required that the value of T^ 
be known. The only requirement is that attenuator A be adjusted 
to provide an indicator reading corresponding to T K , in the pre- 
viously determined indicator units. 

Verification of the calibration at any future time under 
operating conditions is obtained by connecting switch (S) in po- 
sition (2) with the noise generator extinguished to provide a 
verification of the output indicator zero scale reading. Ignition 
of the noise generator will then provide a positive scale indica- 
tion corresponding to an input signal noise temperature of Tec in 
the previously established relationship between indicator scale 
units and degrees Kelvin. The only adjustment that may be re- 
quired at this time to provide the appropriate output indicator 
deflection is receiver gain. A constant of proportionality (1/L) 
will continue to influence the indicator reading but will not 
influence the absolute calibration of the output indicator scale. 



Figure A-l - Simplified diagram of absolute radiometric mode 
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